ABSTRACT The clinical application of stem cell therapies is still limited by the ability to produce defined, differentiated cell populations in large numbers in culture. High throughput screens to identify factors which enhance differentiation to particular lineages and promote expansion of precursors in culture are dependent on the development of sensitive and reproducible assays for screening. Here we describe a bioassay to identify factors with cardiomyogenic activity which enhance the yield of cardiomyocytes from undifferentiated stem cells. The assay is based on a Green Fluorescent Protein (GFP) reporter under the transcriptional control of the 250 bp MLC-2v promoter expressed in pluripotent P19 embryonal carcinoma cells. We show that reporter expression is limited to developing cardiomyocytes and can be used to determine quantitatively the number of ventricular cardiomyocytes formed in cultures under inducing or non-inducing conditions. This assay differs from all others described previously in that it has an easily quantifiable readout, there is negligible background differentiation in the absence of exogenous cardiogenic factors and it is carried out feeder cell-free. Thus, it is entirely independent of competing differentiation inhibitory factors, such as leukemia inhibitory factor. Patch clamp electrophysiology of the GFP-positive cells confirmed their functional ventricular phenotype and indicated that selection on the basis of GFP would provide cells suitable for transplantation.
Introduction
Since the initial derivation and characterization of human embryonic stem cells much research has focused on assessing their potential to heal and regenerate damaged tissues (Thomson et al., 1998; Reubinoff et al., 2000; Gepstein, 2002) . Understanding the signal transduction pathways that result in formation of mature heart cells from an undifferentiated epiblast during development is crucial to progress in finding new stem cell therapies for treatment of heart disease. Among these, the transplantation of ventricular cardiomyocytes derived from human stem cells into hearts damaged by myocardial infarction has been an area of particular interest . The biggest roadblock to such therapies are the current inability to quantify the effectiveness of factors with putative cardiomyogenic potential and the difficulty in selecting pure or nearly pure population of cardiomyocytes without destroying the cells Xu et al., 2002; Anisimov et al., 2002) . Here we describe a quantitative assay that is designed to i) select for ventricular cardiomyocytes, ii) screen for and identify novel factors with enhanced cardiomyogenic activity, and iii) test the effectiveness of novel and "known" cardiomyogenic factors, such as wnts and BMPs, for their ability to stimulate cardiomyogenic differentiation of stem cells in culture.
The undifferentiated growth of P19 embryonal carcinoma (EC) cells is feeder cell independent, they divide rapidly in culture, and are pluripotent, making them an excellent model system for developing stem cells bioassays (reviewed in van der Heyden and Defize, 2003) . P19 EC cells were first derived by , from a teratocarcinoma formed when a 7.5 day old embryo was transplanted into the testis of an isogenic acceptor mouse . Stem cells were isolated from the resulting tumor and clonally cultured to select for cells that maintained their undifferentiated phenotype . Later studies showed that these cells were indeed pluripotent, giving rise to tissues of all three germ layers (Rossant and McBurney, 1982) . P19 EC cells grown as aggregates in suspen-sion in the presence of DMSO (1%) lead to the formation of mesoderm lineages, including cardiomyocytes Edwards et al., 1983) . A concentration dependent retinoic acid response has also been described, where retinoic acid concentrations of 10 -7 M, cause P19 EC cells to differentiate to endoderm; at 10 -8 M, neuronal cells form; and finally at 10 -9 M, mesodermal differentiation occurs Mummery et al., 1991; Jones-Villeneuve et al., 1982) Recently a new sub clone of P19 EC cells (called P19Clone6) was described (Habara-Ohkubo, 1996) . This clone was isolated from P19 EC cells aggregated in the presence of 1nM retinoic acid and plated 3 days later. After culturing for 6 months the remaining undifferentiated cells were cloned by limiting dilution (HabaraOhkubo, 1996) . This new cell line differs from the 'mother' clone in that it can be differentiated to cardiomyocytes in monolayer culture in response to DMSO without a separate step for aggregation being necessary, although local high densities are required (HabaraOhkubo, 1996) . We have also found that this clone does not spontaneously differentiate to cardiomyocytes following aggregation in the presence of fetal calf serum, as had been observed in the original P19 cell line (Mummery et al., 1991) but that DMSO or other cardiogenic factors are strictly necessary. These characteristics give P19Clone6 cells a distinct advantage above either uncloned P19 EC cells or pluripotent mouse ES cells as a basis for developing a bioassay.
In order to develop an assay with an easily detectable read-out in live cells, that is specific to heart tissue and is detectable early in differentiation, GFP under the transcriptional control of the MLC2v promoter was used. Myosin proteins, which are composed of 2 myosin heavy chains and two myosin light chains, are the major component of the contractile part of a muscle cell (Adelstein and Eisenberg, 1980; Emerson, Jr. and Bernstein, 1987) . The myosin light chains are divided into two categories -the alkali light chains or MLC-1 genes and the regulatory light chains or MLC-2 (Barton and Buckingham, 1985) . The rat MLC-2v gene consists of 7 exons and a promoter region of approximately 2.7 kb (Henderson et al., 1989) . MLC-2v is expressed exclusively in the ventricle of the rat and mouse hearts in adults and during embryogenesis (Lee et al., 1992; O'Brien et al., 1993) . Work by many groups has shown that the 250 bp region immediately 5' of the translation start site is sufficient to confer heart specific expression in vitro and in vivo (Henderson et al., 1989; Lee et al., 1992) . Here we report the characterization of a P19Clone6 reporter cell line expressing GFP under the transcriptional control of the rat MLC-2v 250 bp promoter and demonstrate that it can be used to quantitate the number of cardiomyocytes in a given differentiation assay. Although similar stable mouse ES cell lines have been generated (using the MLC2v promoter and others), these are not suitable for a large scale screen due to the high rate of spontaneous differentiation to cardiomyocytes as soon as the cells form aggregates in suspension (embryoid bodies) (Müller et al., 2000; Kolossov et al., 1998; Wobus et al., 1997) . We demonstrate the use of these reporter cells in screening for novel cardiomyogenic factors and in determining the effect of known inducers quantitatively.
Results

Stable EC cell lines expressing GFP in cardiomyocytes
A 250 bp fragment of the MLC-2v promoter containing the HF-3, HF-2, HF-1a and HF-1b motifs (Fig. 1A) , which had previously been reported to be the minimal promoter sequence for MLC-2v, was cloned into the promoter-less pEGFP-N2 vector from Clontech (Henderson et al., 1989; Lee et al., 1992; Ross et al., 1996) . Initial experiments with this construct resulted in no detectable GFP in P19Clone6 cells induced to differentiate into beating cardiomyocytes. In an attempt to enhance the GFP signal, a 406 bp region of the human cytomegalovirus (CMV) immediate early days (A,B) . On day 6, GFP expression was first detectable (C) and increased until day 10 (D,E). During this time, areas of beating muscle were first visible. There was no increase of beating areas or GFP expression after day 10. Scale bars, 500 µM. promoter was sub-cloned in front of the 250bp MLC-2v promoter (Fig. 1B) . The CMV enh /MLC-2v/GFP construct was then stably transfected into P19Clone6 cells. Stable clonal lines (antibiotic resistant) were selected and induced to differentiate and screened to find a line that expressed high levels of GFP in cardiomyocytes only. Although most clones expressed GFP specifically in beating areas, one clone (designated #1-23) was identified as a stable line that had the highest level of GFP expression that appeared to be restricted to areas of beating muscle (see Fig. 3C , below) and was used in all of the subsequent experiments.
GFP is expressed at high levels in P19Clone6 cell derived cardiomyocytes END2 and clone #1-23 cells were co-cultured to obtain beating muscle as described previously (Mummery et al., 1991) . These cocultures were examined over time by epifluorescence microscopy to determine the levels and specificity of GFP expression qualitatively. During the first 3 days of co-culture, the P19EC clone #1-23 cells aggregated in the medium and did not attach to the END2 cells. During this time, there was no GFP expression in the cells (Fig. 2 , Panel A). By the fourth day, aggregates of P19Clone6 cells
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had attached to the END2 cells, but there was still no specific GFP expression ( Fig. 2 , Panel B). By day 6, GFP expression was readily detectable in specific cells, although there were usually still no areas of beating muscle (Fig. 2, Panel C) . By eight days after the start of the co-culture, GFP was expressed in many cells and this expression corresponded to areas of beating muscle (Fig. 2 , Panel D. There was no increase in either beating muscle or GFP expression after day 10 ( Fig. 2 , Panel E).
The GFP P19Clone6 reporter cell line was also tested in response to aggregation in the presence of DMSO or END2 conditioned media. As observed in the co-cultures, P19Clone6 cells express no GFP before aggregation (data not shown). After aggregation for 2 days there were no differences in GFP expression between control cells and cells aggregated in the presence of DMSO, or END2 CM (Fig.  3A , Panels A,D,G). However, after four days of aggregation in the presence of DMSO there was detectable GFP expression (Fig. 3A , Panel E), although the aggregates incubated in the presence of END2 CM and control media still had no GFP expression ( ). This suggests that GFP is expressed specifically in cardiomyocytes.
GFP expression is increased quantitatively in induced vs. non-induced cultures
As described in above, P19Clone6 #1-23 stable transfectants were aggregated in the presence of END2 conditioned medium, 1% DMSO or normal growth media. After 4 days the aggregates were plated and incubated in the presence of normal growth media for 4 days. The aggregates were then trypsinized to form a single cell suspension and GFP expression was quantified by FACS analysis FACS analysis showed that in the cultures aggregated in the presence of END2 conditioned medium 12.4 ± 4.8% of cells were expressing GFP above the threshold level (p≤0.005) (Fig. 5A ). In cultures aggregated in the presence of 1% DMSO, 25.7 ± 9.1% of cells were expressing GFP (p≤0.001) (Fig.  5A ). In cultures not induced to form beating muscle, only 1.5 ± 0.8% of the cells expressed GFP at a level higher than background (Fig.  5A ). Prior to FACS analysis the cells described above were illuminated under fluorescent light and photographed (Fig. 5B) . As shown by FACS analysis, the amount of GFP as detected microscopically is also highest in the cells aggregated in the presence of DMSO and lowest in the control cells incubated in the presence of growth media alone (Fig. 5B) .
The majority of GFP expressing cells also express the cardiac specific marker tropomyosin As described above, cultures of clone #1-23 aggregated in the presence of END2 CM and growth media alone were also stained Cells aggregated in the presence of END2 CM were stained with anti-α-alpha actinin (A'-C') and photographed by confocal microscopy. The same cells were also visualized for GFP expression (A-C) and the merge of these images is shown in (A''-C''). In undifferentiated cells (Day 0), neither GFP (A) nor alpha actinin expression (A') was observed. By day 5 (1 day after plating), GFP expression was detectable (B), but visible alpha actinin expression (B') was not apparent. By day 8, alpha actinin (C') and GFP (C) were both expressed and co-localized to the same cells. Scale bar, 8 µM.
Panels B,H). On day 4 the aggregates were plated and allowed to grow for another 2-6 days or until beating muscle was visible. By day 2 after plating (day 6), beating muscle was present in cells aggregated in the presence of DMSO and END2 CM and both types of aggregates now showed considerable increases in the levels of GFP expression (Fig. 3A, Panels F,I ), while cells in the control media showed no GFP expression (Fig. 3A, Panel C ). An area of beating muscle from an aggregate 4 days after plating (day 8) is shown at higher magnification in Fig. 3B .
GFP positive cells express other cardiac markers
To verify that the differentiated cells expressing GFP were indeed cardiomyocytes, cells at various stages of differentiation were fixed, stained and examined for the co-expression of GFP and the cardiac marker α-actinin. As shown in Fig. 4 , the undifferentiated cells contained neither GFP (Fig. 4, panel A) nor α-actinin (Fig. 4, Panel A' ), the embryoid bodies at day 5 contained some GFP (Fig. 4 , Panel B) and no α-actinin (Fig. 4 , Panel B') and the
with α-tropomyosin, a cardiac muscle marker, and tropomyosin expression levels were quantified by FACS analysis. As expected undifferentiated cells expressed very little GFP or tropomyosin as measured by FACS analysis (Fig. 6A) . However, when cells induced to form beating muscle were examined there was a clear shift in the population of cells expressing GFP and tropomyosin. The percentage of cells expressing GFP increased from 2.0 ± 1.4% to 33.0 ± 1.3%. In the same aggregates, tropomyosin expression is increased from 13.0 ± 11.3% to 71.2 ± 4.9%. Importantly, in the induced cells, only about 5.8 ± 1.0% expressed GFP without expressing tropomyosin. This means that the majority of the GFP expression is restricted to cardiomyocytes. These values are shown graphically in Fig. 6B .
Electrophysiological characterization
Preliminary electrophysiological data showed that cardiomyocytes from P19Clone6 cells and the reporter lines derived from them had relatively low maximal diastolic membrane potentials and frequently exhibited spontaneous nodal like action potentials (Fig. 7 A,B) as published recently for cardiomyocytes derived from uncloned P19 EC cells .
Increasing the membrane potential in P19Clone6 #1-23 derived cardiomyocytes to values around -80 mV by injecting a constant hyperpolarizing current rendered the cells quiescent. They could then be stimulated with short (100-200 pA) depolarizing current pulses to fire action potentials (Fig. 7C) . Stimulated action potentials had amplitudes over 100 mV, upstroke velocities (dV/dt max ) of 85-110 V/s and a duration of 6-7 ms at half maximal amplitude (APD 50 ). These action potential parameters approach those found in adult mouse ventricular myocytes ( Table 1 ) and suggest that the P19Clone6 #1-23 derived cardiomyocytes, expressing GFP, display a more adult ventricular electrophysiological phenotype than observed previously in cardiomyocytes from the regular uncloned P19EC cells.
Voltage clamp experiments demonstrated the presence of inward Na + -and Ca 2+ -currents and outward K + currents (Fig. 7D) at holding potentials close to or more negative than the observed maximal diastolic potential of the cells. However, no inward rectifying potassium current (I K1 ) could be detected, explaining the low membrane potentials of the cells. At a holding potential of -80 mV, fast activating and inactivating currents larger than 3 nA (current density of >150 pA/pF when normalized to cell size) could be elicited, suggesting efficient expression of cardiac Na + channels (Fig. 7E) . Overall, these data confirm the ventricular phenotype of the GFP positive cells derived from P19Clone6 #1-23. (Wang et al., 1996) .
Discussion
Most previous studies involving in vitro differentiation of EC or ES cells into cardiomyocytes have had to rely on counting areas of beating muscle or cell destructive methods such as PCR or western blots, to determine the efficiency of differentiation (Paquin et al., 2002; Skerjanc et al., 1998) . Developing a high throughput, noninvasive method for quantification of cardiomyocytes in mixed cell populations provides the opportunity to screen for previously unknown cardiomyogenic factors and test combinations of known factors. The properties required of a reporter cell line suitable for the bioassay described above include easy detection in live cells,
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reporter activity limited to cardiomyocytes and reporter activity as early as possible in cardiomyocyte differentiation. Additionally, the same reporter line allows for the selection of nearly pure population of ventricular cardiomyocytes by FACS in a way that does not damage cells, which will be of value for further transplantation experiments. The green fluorescent protein under the transcriptional control of the CMV enh /250 bp MLC-2v promoter was chosen as the candidate that would best fulfill all of the above conditions. Cardiac specific reporter lines have been described before (Kolossov et al., 1998; Meyer et al., 2000) . However these lines were generated in mouse ES cells that require LIF to remain undifferentiated in monolayer culture but do not form cardiomyocytes in its absence and have a high rate of spontaneous differentiation to cardiomyocytes as soon as they form embryoid bodies. They are thus unsuitable for screening assays to identify novel cardiogenic factors which require low background, high sensitivity and high specificity. P19Clone6 #1-23 cells as described here meet these criteria. Previous work has shown that MLC-2v expression is restricted to cardiac cells. Lee et al. have reported that high levels of 250 bp MLC-2v promoter reporter activity is found in the cardiomyocytes of transgenic mice, while very low levels of the same reporter construct are found in the skeletal muscle cells of these mice (Lee et al., 1992) . We first tried a reporter construct consisting of the 250 bp MLC-2v promoter alone (without the CMV enhancer), but found that there was no detectable GFP signal even in areas of beating muscle. Previous work by Jin et al. found that including the CMV enhancer in front of the 250 bp promoter piece increased expression levels, but slightly decreased specificity in vivo (Jin et al., 1995) . In mouse ES cells the CMV enhancer in front of the 2.1kb promoter fragment results in a higher percentage of GFP positive cardiomyocytes in a particular aggregate of beating muscle (Müller et al., 2000) . Once the CMV enhancer was placed directly 5'of the MLC-2v 250 bp promoter, GFP expression could be seen in areas of beating muscle in P19Clone6 cells.
Fig. 6. Tropomyosin is expressed in most GFP-positive cells. (A)
Undifferentiated P19Cl6 reporter cells (aggregated in the presence of growth medium) have very little GFP (ordinate) or tropomyosin (abscissa) expression (top panel). However, P19Cl6 reporter cells induced to form beating muscle by aggregation in the presence of END2 CM expressed significantly higher amounts of GFP and tropomyosin. Additionally, the majority of cells expressing GFP also expressed tropomyosin. (B) A graphical representation of the FACS data shows that in cultures induced to form cardiomyocytes, less than 6% of GFP positive cells are tropomyosin negative, and that both GFP and tropomyosin expression was significantly up-regulated in P19Cl6 reporter cells induced to form cardiomyocytes.
As expected the MLC-2v reporter activity described here is mostly limited to cardiomyocytes, as determined by GFP coexpression with other cardiac specific markers. We used immunofluorescence to examine the co-expression of GFP and α-actinin in cultures that were undifferentiated, grown for 1 day after the initial 4 days of aggregation in DMSO (day 5) and on day 8. In these cultures, we found that GFP is present in cells also expressing α-actinin. Using FACS we showed that only ~6% of the GFP positive cells were not positive for the cardiac specific marker tropomyosin. This provides more evidence that the GFP expression is restricted to differentiating cardiomyocytes. Although approximately 71% of the cells contained tropomyosin and only about 33% expressed GFP, this is expected because the MLC-2v promoter will only drive GFP expression in ventricular cells, while tropomyosin should be expressed in all cardiac cells in the heart (Lin et al., 1985; . Although tropomyosin effectively identifies P19Clone6 cardiomyocytes, the disadvantage of using it in place of MLC-2v driven GFP expression lies in the fact that it is an intracellular protein thus is more labor intensive as an assay, and requires the cells to be fixed for staining, resulting in the loss of cardiomyocyte viability so that transplantation of cells after selection is excluded.
The ability of GFP positive cells from P19Clone6 #1-23 to generate large action potentials with a high upstroke velocity and a short APD 50 when forced to a resting membrane potential of -80 mV, is explained by the substantial Na + -currents recorded under the proper voltage clamp conditions. These are features typical of mouse ventricular cells and are reminiscent of adult cells; similar measurements on a random population of cardiomyocytes from P19 cells do not exhibit these characteristics consistently suggesting that GFP marks an homogeneous subpopulation of cardiomyocytes. The low membrane potentials and spontaneous electrical and mechanical activity displayed by P19Clone6 #1-23 derived cardiomyocytes can be explained by the absence of inward rectifier K + current (I K1 , the current responsible for the high membrane potential in ventricular cells is absent in these cells). These features are more typical of embryonic or nodal cells. At membrane potentials of -60 mV or less negative, the Na + channels are largely inactivated and do not contribute to the action potential (hence the slow upstroke velocity) as demonstrated previously .
Another reason for choosing the MLC-2v promoter is the need for a gene that is activated relatively early in cardiac differentiation, in order to decrease the time in which it takes to complete a bioassay. As shown in the literature, MLC-2v mRNA is expressed for the first time in the ventricle of mice by day 8 of development, relatively early for a heart specific gene (O'Brien et al., 1993) . In P19 cells aggregated in hanging drops MLC-2v RNA is first detected by RT-PCR 2.5 days after plating (the cells were aggregated for 3 days with DMSO prior to plating) (Anisimov et al., 2002) .
When P19Clone6 EC cells were aggregated for 4 days and plated, it took 8 days for MLC-2v mRNA to be detected by RT-PCR (van der Heyden et al., 2003) . Previous work by our lab showed that coculture of P19 EC cells with END2 cells (an endoderm-like cell line) resulted in very efficient differentiation of P19EC cells to beating muscle (Mummery et al., 1991) . As expected, the reporter line lacks MLC-2v activity in undifferentiated cells, such as in the first 5 days of co-culture with END2. However on day 6, 2 days before the appearance of beating muscle, GFP expression is clearly seen in the reporter cells. In accordance with the literature #1-23 aggregates exposed to DMSO, END2 CM and growth media, had no visible GFP expression before day 4, while between days 5 and 8, GFP expression gradually increased.
With the P19Clone6 cardiac differentiation reporter line described here future work on the pathways that induce cardiomyogenic differentiation can be explored which will hopefully lead to direct applications in the development of stem cell therapies. Of particular importance, is the experimental evidence presented here that shows that the reporter line can effectively quantify cardiomyocyte inducing factors, specifically the factor of factors present in the END2 conditioned media. Once these pathways are better understood, this assay can also be used to distinguish easily between cardiomyocyte and non-cardiomyocyte cells in a way that keeps the cells intact. In addition it will allow the selection of viable ventricular cells that require replacement following myocardial infarction. 
A B C D E Experimental Protocols Promoter construction
The promoter sequence (nucleotides 1-589) of the pEGFP-N2 vector (Accession number U57608) from Clontech (Palo Alto, Ca) was removed and the remaining vector was used as a backbone for the 250bp rat MLC2v promoter (a gift from Dr. Marjan van Kempen) (Accession number U26708; nucleotides 1714 to 1975). The human cytomegalovirus promoter enhancer sequence (CMV enh ) (nucleotides 59 to 465 from the original pEGFP-N2 vector) was subcloned in front of the MLC-2v 250 bp promoter. The final construct (called 250 bp MLC-2v in pEGFP-TJe) is shown in Fig. 1B .
Cell culture
All cells were grown on tissue culture treated plastics at 37ºC with a CO 2 concentration of 5%. P19Clone6 cells (a gift from Dr. Akemi HabaraOhkubo) were maintained in monolayer cultures in α-MEM (Invitrogen; Carlsbad, Ca.) supplemented with 10% fetal calf serum from Bio-Whitaker (Verviers, Belgium). END2 cells (Mummery et al., 1991; Mummery et al., 2003) , an endodermal derivative of P19 that secretes mesoderm inducing cardiogenic activity for both P19 and human ES cells, were grown in DMEM/F12 (Invitrogen) and supplemented with 7.5% fetal calf serum from Bio-Whitaker.
END2 conditioned media
Contact inhibited END2 cells were grown in 5 mL of DMEM/F12 containing 7.5% FCS per 25 cm 2 . After incubation for 72 h, the conditioned media was collected, filter sterilized and stored at -80ºC.
Differentiation
Hanging drops containing 800 cells in a volume of 20 µL were plated onto the lid of bacterial grade culture dishes and incubated at 37°C for 4 days (Mummery et al., 1991; Slager et al., 1993) . The base of the each culture dish was filled with PBS to prevent the drops from evaporating. On the 5 th day, the aggregates were collected from the hanging drops and plated in α-MEM growth media with 10% FCS on glass cover slips or in TC treated plastics. The media was then refreshed every 48 hours and the aggregates were examined every day for the presence of beating muscle.
Co-culture
END2 cells were grown to 100% confluence and treated with 10 µg/mL mitomycin C (Sigma; St Louis, Mo.) for 3 hours. After rinsing with PBS, the END2 cells were inoculated with 130 P19Clone6 cells per cm 2 in α-MEM with 10%FCS, as described previously for P19 and human ES cells Mummery et al., 1991) . The plates were then incubated at 37ºC for 4 to 6 days, allowing the aggregation of the P19Clone6 cells. When the P19Clone6 aggregates had attached to the END2 cells (usually about 6 days after plating) the media was refreshed every 48 hours. Every day the cells were examined for the presence of beating muscle.
Stable transfections
The CMV enhancer/MLC-2v/GFP reporter construct was transfected into P19Clone6 cells using a standard calcium phosphate protocol (Chen and Okayama, 1987; Graham and van der Eb, 1973) . Approximately 18 hours after transfection, the cells were washed with PBS and fresh α-MEM was added. Between 40 and 50 hours post-transfection, the cells were trypsinized and 1/25 and 1/50 of a well was transferred to 10 cm dishes and grown in the presence of 600 µg/mL Geneticin (Gibco-BRL; Carlsbad, Ca). The media was refreshed every 2 days with fresh G418 and the cells were grown until individual colonies were visible (usually about 8-10 days). Individual colonies were picked and transferred to 96 well TC plates. These colonies were grown up to 80% confluence in a 9.5cm 2 plate and the frozen in 70% α-MEM, 10% DMSO and 20% fetal calf serum.
Immunofluorescence
Coverslips with cells attached or cell pellets were fixed in 2% paraformaldehyde/PBSθ (without Ca 2+ and Mg 2+ ) at room temperature for 30 min. They were then washed 3 times with PBS and stored if necessary in PBS/ 0.01% sodium azide at 4°C. Following fixation, the cells were permeabilized for 8 minutes at room temperature with 0.1% triton X-100 in PBS. After washing 3 more times in PBS, the cells were blocked with 4% normal goat serum/PBS at room temperature for 1 hour. The mouse monoclonal α-actinin antibody (Sigma; St. Louis, Mo) was added in 4% NGS/PBS to a final concentration of 1:1600 and incubated at room temperature for 2 hours. The cells were then washed with 0.05% Tween/ PBS for 3X10 minutes. A Cy3 labeled Goat-±-Mouse secondary antibody (Biotrend; Cologne, Germany) was added to 4%NGS/PBS to a final concentration of 1:500 and the cells were incubated at room temperature for 1 hour. The cells were then washed 3X10 minutes with 4% NGS/PBS and mounted in moviol.
FACS analysis
3 plated aggregates (from 3 hanging drops) were used for each data point. Aggregates attached to TC dishes were washed once with PBS and trypsinized. Following trypsinization, the cells were washed twice with PBS and fixed in 2% paraformaldehyde/PBS at room temperature for 20 minutes. The cells were then washed twice in BSA/PBS/Azide buffer (1x PBS, 0.1M NaAzide, 0.5% BSA) and resuspended in 150 µL permeabilization buffer (0.5% saponin in BSA/PBS/Azide buffer). After permeabilization at room temperature for 10 minutes, the cells were washed with PBS and resuspended in 25 µL permeabilization buffer containing the monoclonal antitropomyosin antibody (clone CH1; Sigma; St. Louis, Mo) at a final concentration of 1:50. The cells were then incubated at room temperature for 30 minutes, followed by two washes with permeabilization buffer. Secondary antibody staining was done 1:200 in permeabilization buffer with goat antimouse phycoerythrin labeled secondary antibody (Jackson Labs; Bar Harbor, ME) for 30 minutes in the dark. The cells were then washed twice with permeabiliziation buffer, then once with BSA/PBS/Azide buffer. The cells were resuspended in 500 µL BSA/PBS/Azide buffer; and analyzed on a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA). The BD software program CellQuest was used for data acquisition and data analysis. Green Fluorescent Protein fluorescence intensity was measured in the Fl1 channel and Phycoerythrin fluorescence intensity was measured in the Fl2 channel.
Electrophysiological characterization of cardiomyocytes
Standard whole-cell patch-clamp was used for recording membrane potential and currents. Patch pipette resistances were 3-5 MΩ after filling with the pipette solution: 120 mM K-gluconate, 10 mM KCl, 5 mM HEPES, 5 mM EGTA, 2 mM MgCl 2 , 4 mM Na 2 ATP and 0.6 mM CaCl 2 , (pH 7.2, pCa 8.0). During data recording, cultures were superfused with a salt solution consisting of: 143 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 0.5 mM MgCl 2 , 0.25 mM NaH 2 PO 4 , 5 mM HEPES and 5.6 mM glucose (pH adjusted to 7.4 with NaOH). The bath temperature was constant at 35-36ºC unless specified otherwise. Voltage and current signals were recorded using an Axopatch 200B amplifier, filtered at 5 kHz, sampled at a rate of 15 kHz, stored on a MacIntosh G4 computer using custom made acquisition software (Scope) and analyzed offline with custom made software (MacDaq), kindly provided by Drs J. Zegers and A. van Ginneken (Academic Medical Centre, University of Amsterdam).
